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A B S T R A C T   

Theoretical investigation for detection of hydrogen sulfide (H2S) gas using hydrogen/nitrogen-terminated 
armchair graphene nanoribbon (HAGNR and NAGNR) doped with Pt is presented in this study. The investiga
tion was established with the aid of Atomistic ToolKit Virtual NanoLab (ATK-VNL) that employs density func
tional theory (DFT) computations. The results revealed that NAGNR has a higher adsorption energy (Eads) of 
− 0.369 eV, smaller adsorption length (l) of 3.08 Å, and higher charge transfer (Δq) of − 0.034 e than the HAGNR 
system. The adsorption parameters, and hence the sensitivity, of the two presented HAGNR and NAGNR systems 
were improved by doping the nanoribbon with Pt. More precisely, Eads increased remarkably to almost 13 and 10 
times for the cases of HAGNR-Pt and NAGNR-Pt as compared with bare HAGNR and NAGNR, respectively. To 
further confirm the effect of doping with Pt on the performance of HAGNR and NAGNR, the sensitivity of gas 
sensor devices was studied by calculating the response of H2S for the developed HAGNR, NAGNR, HAGNR-Pt, 
and NAGNR-Pt systems. Interestingly, the response towards H2S increased considerably to 46.7 and 40.0 % 
for the cases HAGNR-Pt and NAGNR-Pt, respectively. Finally, the obtained results in the current study demon
strate that both HAGNR-Pt and NAGNR-Pt successfully adsorbed the H2S gas with enhanced sensitivity.   

1. Introduction 

Hydrogen sulfide (H2S) is a considerably poisonous, highly explo
sive, and colorless gas that is characterized by the smell of rotten egg at 
low concentration [1]. H2S is mostly associated with the various 
petrochemical and other manufacturing processes such as natural gas 
treatment [2–4]. Exposure to H2S has extremely serious influences on 
the nervous as well as the respiratory systems of humans [5]. More 
precisely, breathing H2S may results in cough and runny nose at low 
concentration, while breathing high concentrations could lead to coma 
and pulmonary edema [6,7]. Consequently, developing a sensitive gas 
sensor to early detect the toxic H2S gas even at low concentrations is 
extremely important to protect the health of human beings [8,9]. 

The detection of H2S gas has been widely investigated experimen
tally as well as theoretically using graphene based nanomaterials (G- 
NMs) in the recent decade. For example, Ovsianytskyi et al. designed a 
sensor for sensitive and selective detection of H2S using graphene (G) 
decorated with silver nanoparticles (Ag-NPs) as well as charged impu
rities [10]. Their results demonstrated that decorating G improved 
remarkably its sensitivity as well as selectivity to H2S gas. Reduced 

graphene oxide-loaded ZnFe2O4 nanofibers based gas sensor has been 
also fabricated and then used to detect H2S by Hoang et al. [11]. The 
results of this study reflected an improvement on the sensing perfor
mance due to the presence of the nanofibers. Song and coworkers 
investigated a highly sensitive H2S gas sensor using reduced graphene 
oxide modified with SnO2 quantum wires [12]. The researchers of this 
study showed that the developed sensor reflected an excellent sensing 
performance thanks to the improved electron transport as a result of the 
favorable charge transfer of SnO2-reduced graphene oxide interfaces 
[12]. A theoretical study on the detection of CO, CO2, SO2 and H2S gases 
based on intrinsic as well as Fe-doped graphene was investigated by 
Cortés-Arriagada and coworkers [13]. They demonstrated in this study 
that the performance of Fe-doped graphene remarkably enhanced after 
doping with Fe. Gao et al. compared between the adsorption of H2S as 
well as CH4 gases using pure graphene and Ni, vacancy, and − OH 
modified graphene [14]. They demonstrated a considerable improve
ment in the adsorption parameters as a result of graphene modification. 
In another study, the detection of NO2 as well as H2S gases with the aid 
of pure and metal decorated graphene has been done by Bo and co
workers [15]. The researchers in this study showed that decorating 
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graphene with Ni, Pa, and Pt lead to enhancing the sensing performance. 
Specifically, they found that after decorating graphene, the adsorption 
energy increased 7–10 times as compared with the pristine graphene 
[15]. Based on the above-mentioned reports, one can conclude that 
doping as well as decorating graphene based materials with different 
metals and metal oxides could lead to magnificent accomplishments in 
the gas sensor applications [16–18]. 

Moreover, it has been reported that the influence of gas adsorption 
on the electronic features of zero band gap materials is not considerable 
as compared with the materials that exhibit a small band gap [19]. 
Therefore, AGNR was considered as the platform of this study thanks to 
its enormous surface area to volume ratio, the presence of edge bonds as 
well as the ability to control its band gap [20,21]. 

Herein, the sensing performance of H2S using hydrogen/nitrogen- 
terminated and Pt-doped armchair graphene nanoribbon (HAGNR, 
NAGNR, HAGNR-Pt, and NAGNR-Pt) systems has been investigated 
theoretically. The obtained results showed that H2S adsorbed on N- 
terminated AGNR has a slightly higher adsorption energy as well as 
charge transfer when compared with the H-terminated AGNR. The 
sensitivity of the two developed HAGNR and NAGNR systems was 
improved via doping with Pt metal. The adsorption energy increased 
considerably to almost 13 times for the case H2S adsorbed on HAGNR-Pt 
and 10 times for the case of H2S adsorbed on NAGNR-Pt. Specifying that 
doping both HAGNR and NAGNR with Pt is crucial to modify their 
performance to detect H2S gas. 

2. Simulation methods 

The effects of terminating AGNR with hydrogen and nitrogen as well 
as doping with Pt on the adsorption capability toward the toxic H2S gas 
were studied using density functional theory (DFT) [22]. The general
ized gradient approximation (GGA) was used as the processing method 
as described by Perdew–Burke–Ernzerhof (PBE) with the implementa
tion of DFT-D2 proposed by Grimme to treat Van der Waals interactions 
to correct for underestimation of band gap by GGA [23,24]. Neverthe
less, no focus on dispersion of calculations of the non-chemically-bonded 

Van der Waals interactions. The geometry optimization of H2S adsorbed 
on all the proposed sensor materials to assure true local minima was 
considered using the LBFGS optimizer [25]. Hence, all the systems have 
been relaxed until a residual force per atom lower than 0.05 eV/Å was 
obtained. A Pack k point sampling of 4 × 4 × 1 was considered for the 
four systems, while for the current-voltage (I(V)) investigations k-point 
sampling of 1 × 1 × 100 was used. A 125 Hartree and 0.01 GPa have 
been considered as the density mesh cutoff and the stress error toler
ance, respectively. 

For a better evaluation of the interaction between the H2S gas and 
the developed HAGNR, NAGNR, HAGNR-Pt, and NAGNR-Pt systems, the 
adsorption energies were calculated using Eq. (1) [26–29]: 

Eads = EH/N− AGNR/Pt+H2S − EH/N− AGNR/Pt − EH2S (1)  

Where EH/N− AGNR/Pt+H2S and EH/N− AGNR/Pt represent the total energies of 
any of the developed systems with and without the H2S gas, respectively. 
While, EH2S represents the total energy of the toxic H2S molecule. To 
further confirm the adsorption of H2S on any of the built systems, the 
charge transfer of H2S gas has been elaborated using Eq. (2) [30]: 

Δq = qa − qb (2)  

Where Δq corresponds to the charge transfer of H2S, while qa and qb 
refer to Mulliken charges of the toxic H2S gas after and before, respec
tively, the interaction with any of the proposed sensor materials. Mul
liken population method was used to explore the charge transfer due to 
its widespread usage upon performing the calculations employing LCAO 
basis sets [31]. 

3. Results and discussion 

AGNR is considered in the present work as a computational platform 
for gas sensor to detect H2S gas. AGNR is firstly passivated with either 
hydrogen or nitrogen generating two systems (HAGNR and NAGNR) to 
satisfy the dangling bonds and to avoid the edge reconstruction [32]. 
The relaxed structures of both HAGNR and NAGNR systems with and 

Fig. 1. Tope and side views of the relaxed a) HAGNR, b) HAGNR-H2S, c) NAGNR, and d) NAGNR-H2S.  
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without gas are shown in Fig. 1(a)–(d). Upon optimization, the results 
reflect that the lengths of the C–C bond are 1.44 and 1.43 Å for the cases 
of HAGNR and NAGNR, respectively. Fig. 1(b) and (d) show that H2S gas 
reorients itself to attain the best stable configuration wherein the sulfur 
atom of H2S becomes closer to the plane of the HAGNR system than the 
two hydrogen atoms. In contrast, the two hydrogen atoms face the plane 
of the ribbon for the case of NAGNR upon optimization. In order to 
enhance the adsorption parameters and hence the sensitivity, the two 
built HAGNR and NAGNR systems are doped with Pt in which a single 
carbon atom in the ribbon is replaced with a Pt atom generating two 
more systems (HAGNR-Pt and NAGNR-Pt). Subsequently, a stress is 
generated in the systems by the Pt atom [33]. The systems then expe
rience some changes in the lengths of C-Pt bonds to release this stress. 
Specifically, the bonds around the Pt atoms expand to 1.79 and 1.83 Å 
for the cases of HAGNR-Pt and NAGNR-Pt, respectively. As described in 
Fig. 2(b) and (d), the Pt atom is pulled down the plan of the ribbon after 
the interaction with the gas which results in further extension of the 
lengths of bonds around Pt atom to 1.96 and 1.95 Å for the cases of 
HAGNR-Pt and NAGNR-Pt, respectively. Meanwhile, the configuration 
with the sulfur atom and one hydrogen atom facing HAGNR-Pt, and only 
the sulfur atom facing NAGNR-Pt are found to be the preferable ones 
after relaxation. 

To evaluate the sensing performance of the four sensor systems 
HAGNR, NAGNR, HAGNR-Pt, and NAGNR-Pt toward the detection of 
H2S gas, the adsorption energy Eads, adsorption length l, as well as the 
charge transfer Δq are investigated. The results reflect that the 

adsorption energy and the charge transfer between the gas and the built 
sensors are − 0.301 eV and − 0.024 e for the case of HAGNR, and − 0.369 
eV and -0.034 e for the case of NAGNR as shown in Table 1. The obtained 
adsorption energies for both HAGNR and NAGNR are almost 3 folds 
higher than the case of pure AGNR that has been reported recently [34]. 
Meanwhile, the smallest direct distances between the gas molecules and 
the systems are 3.40 and 3.08 Å for the cases of HAGNR and NAGNR, 
respectively. Furthermore, the charge transfer analysis shows that 
electrons transfer from the system to the gas in the two cases. Based on 
the adsorption parameters, one can say that NAGNR is more preferable 
for the detection of H2S gas. The sensing performance of the built ma
terials toward H2S is improved remarkably after doping with Pt. More 
precisely, the adsorption energies increase significantly to − 4.115 and 
− 3.892 eV for the cases of HAGNR-Pt and NAGNR-Pt, respectively. In 
addition, the Mulliken population analysis shows that 0.037 e transfer 
from HAGNR-Pt to the H2S gas, while 0.042 e transfer from the gas to 
NAGNR-Pt. Meanwhile, the adsorption lengths between H2S and 
HAGNR-Pt and NAGNR-Pt are found to be 2.93 and 3.47 Å, respectively. 
The obtained results of the adsorption energy after doping the built 
systems with Pt indicates that the adsorption of H2S gas on the surface of 
both HAGNR-Pt and NAGNR-Pt is chemisorption, while it is phys
isorption for the cases of HAGNR and NAGNR [35–37]. 

The band structures of HAGNR, NAGNR, HAGNR-Pt, and NAGNR-Pt 
with and without the H2S gas are investigated as shown in Figs. 3 and 4. 
The results demonstrate a parabolic trend around the Γ point for both 
HAGNR and NAGNR as described in Fig. 3(a) and (b). After adsorption of 
H2S on HAGNR and NAGNR (Fig. 3(c) and (d)), no considerable changes 
are detected at the Fermi level. Nevertheless, some variations appear 
near Fermi level between − 1.0 and − 2.0 eV in the valence band. Fig. 4 
(a)–(d) show the band structures of HAGNR-Pt and NAGNR-Pt with and 
without the gas. Fig. 4(a) shows that some new bands are observed in the 
valence as well as the conduction bands of HAGNR-Pt when compared 
with HAGNR. The same behavior is detected as well for the case of 
NAGNR-Pt (Fig. 4(b)) in addition to the movement of the valence and 
the conduction bands away from Fermi level. As a result of H2S 
adsorption on both HAGNR-Pt and NAGNR-Pt, considerable changes as 

Fig. 2. Tope and side views of the relaxed a) HAGNR-Pt, b) HAGNR-Pt-H2S, c) NAGNR-Pt, and d) NAGNR-Pt-H2S.  

Table 1 
Adsorption energy (Eads), adsorption length (l), and charge transfer (Δq) of 
HAGNR-H2S, NAGNR-H2S, HAGNR-Pt-H2S, and NAGNR-Pt- H2S.  

System Eads (eV)  l (Å)  Δq (e)  

HAGNR-H2S − 0.301 3.40 − 0.024 
NAGNR-H2S − 0.369 3.08 − 0.034 
HAGNR-Pt-H2S − 4.115 2.93 0.037 
NAGNR-Pt-H2S − 3.892 3.47 − 0.042  

E. Salih and A.I. Ayesh                                                                                                                                                                                                                        



Materials Today Communications 26 (2021) 101823

4

Fig. 3. Band structures of a) HAGNR, b) NAGNR, c) HAGNR-H2S, and d) NAGNR-H2S.  

Fig. 4. Band structures of a) HAGNR-Pt, b) NAGNR-Pt, c) HAGNR-Pt-H2S, and d) NAGNR-Pt-H2S.  
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well as new bands are detected in the valence and conduction bands as 
shown in Fig. 4(c) and (d). Furthermore, the direct band gaps at the Γ 
point of the developed sensors with and without the gas are measured as 
shown in Fig. 5. It is worth noting that there are no significant changes 
observed in the band gaps upon the adsorption of H2S on HAGNR and 
NAGNR systems. Upon adsorption of H2S on the surface of HAGNR-Pt 
and NAGNR-Pt, the band gaps decrease to 0.66 and 0.71 eV, respec
tively. As clearly demonstrated, the adsorption of H2S showed notice
able variations on the electronic properties only for the cases of HAGNR- 
Pt and NAGNR-Pt. The variations and new bands in the valence as well 
as conduction bands, observed after gas adsorption, are mostly an 

indication of the formation of new electronic states upon the adsorption 
of H2S [38]. These results of band structures suggest that those systems 
can be utilized for successful adsorption of H2S gas. 

To further confirm the influence of adsorption of H2S on the elec
tronic characteristics of the built systems, the electronic density of states 
(DOS) of the proposed sensors with and without the gas are investigated. 
Fig. 6(a) and (b) show the DOS of the developed HAGNR and NAGNR 
sensors with and without the gas. For the case of HAGNR (Fig. 6(a)), the 
DOS in the ranges of − 6.4 to − 1.8 eV and 4.9–19.6 eV increases after 
adsorption of H2S. While changes are observed in the ranges of − 6.1 to 
− 1.1 eV in the valence band and 4.3–19.1 eV in the conduction band 

Fig. 5. Band gaps of HAGNR, NAGNR, HAGNR-Pt, and NAGNR-Pt with and without the gas.  

Fig. 6. Total electronic density of states of a) HAGNR, and b) NAGNR with and without the H2S gas.  
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upon the adsorption of H2S on the surface of NAGNR as shown in Fig. 6 
(b). Furthermore, the density of states at Fermi level is zero for the cases 
of HAGNR as well as HAGNR-H2S systems confirming the band structure 
results. Meanwhile, two small peaks are observed close to Fermi level 
around − 0.15 and 0.21 eV for the cases of NAGNR and NAGNR-H2S, 
which is also in agreement with the small band gap obtained from the 
band structure results. After doping the two HAGNR and NAGNR sys
tems with Pt, the changes of electronic density of states after gas 
adsorption become more significant which verifies the band structure 
results. For instance, a shift to higher energy level is observed for the two 
cases of HAGNR-Pt and NAGNR-Pt upon the interaction with H2S as 
shown in Fig. 7(a) and (b). Moreover, some other remarkable changes in 
the intensities of the peaks in the ranges of − 10.1 to − 1.4 eV in the 
valence band and 0.8–16.3 eV in the conduction band are observed for 
the case of HAGNR-Pt after gas adsorption. For the case of NAGNR-Pt, in 
addition to the shift to higher levels, a considerable increase in the DOS 
in the range of 0.7–17.4 eV in the conduction band is observed as well 
upon the adsorption of H2S. The changes that appear in the electronic 
density of states of any of the developed HAGNR, NAGNR, HAGNR-Pt, 
and NAGNR-Pt systems after gas adsorption is an indication of varia
tion in the available number of states of these systems upon gas 
adsorption [39]. These results reveal that the H2S gas is adsorbed suc
cessfully on the surface of the four developed HAGNR, NAGNR, 
HAGNR-Pt, and NAGNR-Pt systems. 

The I(V) analysis have been performed to study the influence of Pt- 
doping as well as the adsorption of H2S on the conductivity of NAGNR 
system. As shown in Fig. 8(a), the current of NAGNR decreases after 
doping with Pt metal. Furthermore, upon adsorption of H2S on the 

surface of NAGNR, no remarkable variations in the current are observed. 
Meanwhile, the current relatively increases upon gas adsorption on 
NAGNR-Pt. Those observations are consistent with the obtained band 
gap results in Fig. 5. The electrical response is an important parameter to 
evaluate the sensing capability of the developed sensors to the target 
gas. The response of a sensor is evaluated from the I(V) curves at a fixed 
voltage. Hence, the response (R (%)) of H2S for the developed HAGNR, 
NAGNR, HAGNR-Pt, and NAGNR-Pt sensor materials is investigated 
using Eq. (3) [40]: 

R (%) =

⃒
⃒
⃒
⃒
I − Io

Io

⃒
⃒
⃒
⃒x100 (3)  

Where I is the current of the proposed sensors with gas, and Io is the 
current of any of the proposed sensors without H2S gas. As shown in 
Fig. 8(b), the highest response of H2S is observed for the cases of 
HAGNR-Pt and NAGNR-Pt sensor materials with 46.7 and 40.0 %, 
respectively. These results indicate that doping HAGNR and NAGNR 
with Pt play a crucial role in improving their sensing performance, 
which is in good agreement with the adsorption energy results shown in 
Table 1. The reason of improving the sensing performance is that doping 
graphene based materials may increase their specific surface area and 
hence facilitate their interaction with the target gas [41]. Specifically, it 
has been reported that doping with metals can increase remarkably the 
surface reactivity through supplying extra negative charges to the 
delocalized π systems due to the smaller electronegativity of platinum as 
compared with carbon [33]. Eventually, the adsorption energy as well as 
the adsorption length results of the current study are compared with the 

Fig. 7. Total electronic density of states of a) HAGNR-Pt, and b) NAGNR-Pt with and without the H2S gas.  
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results of the adsorption of H2S gas on various systems as shown in 
Table 2. The results reveal that the adsorption energies of H2S adsorbed 
on both HAGNR-Pt and NAGNR-Pt systems of the present work are 
remarkably high when compared with some of the recent reports. 

4. Conclusion 

In the present work, theoretical investigations for detection of the 
highly toxic H2S gas using armchair graphene nanoribbon (AGNR) 

sensor materials were presented. The influence of terminating AGNR 
with hydrogen and nitrogen (HAGNR and NAGNR) as well as the effect 
of doping with Pt (HAGNR-Pt and NAGNR-Pt) on the sensing perfor
mance toward H2S have been studied. The adsorption energy and the 
charge transfer between the gas and HAGNR were found to be − 0.301 
eV and − 0.024 e, and − 0.369 eV and − 0.034 e for the case of NAGNR. 
The adsorption energy and the response of the developed HAGNR and 
NAGNR increased considerably after doping with Pt. More precisely, the 
adsorption energy increased to − 4.115 and − 3.892 eV for the cases of 
HAGNR-Pt and NAGNR-Pt, respectively. In addition, the highest 
response of H2S gas was observed for the cases of HAGNR-Pt and 
NAGNR-Pt with 46.7 and 40.0 %, respectively. The obtained results of 
the adsorption energies in the current study indicate that H2S gas was 
physisorbed on HAGNR and NAGNR, while it was chemisorbed on 
HAGNR-Pt and NAGNR-Pt. The investigation results suggest that the 
HAGNR-Pt and NAGNR-Pt sensor systems might be nominated as sen
sitive gas sensor materials to detect H2S gas. 
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